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We provide a novel, concise and self-contained evaluation of true- and false vacuum decay rates
in general relativity. We insist on general covariance and choose observable boundary conditions,
which yields the well known false-vacuum decay rate, and a new true-vacuum decay rate that differs
significantly from prior work. The rates of true- and false vacuum decays are identical in general
relativity. The second variation of the action has a negative mode for all parameters. Our findings
imply a new perspective on cosmological initial conditions and the ultimate fate of our universe.
Introduction — Consider a gravitational theory that
contains two vacua with distinct energy densities. The
vacua are stable against perturbative quantum fluctua-
tions, but they can decay via the non-perturbative pro-
cess of bubble nucleation. In the semiclassical approxi-
mation the vacuum decay rate is related to the action B
of the bubble formation process that solves the Euclidean
equations of motion [1, 2]
Γ ∝ e−B/~ [1 +O(~)] . (1)
We are interested in the thin-wall vacuum decay rate
including gravity. This is an old problem that has
not received a conclusive answer for all decay channels.
The flaw of previous arguments lies in the boundary
conditions. The traditional approach is based on the
Gibbons-Hawking-York boundary action and fixes the
global three-geometry of the initial and final states. The
three-geometry contains information about how many
causally disconnected universes form during the tunnel-
ing process and affects the vacuum decay rate. In this
formalism the vacuum decay rate depends on global infor-
mation that a local observer cannot deduce. This failure
is a manifestation of a measure problem, and led to con-
fusion about the rate of false-vacuum bubble nucleation
[3–11]. We provide a detailed review of this traditional
approach in section 3 of [12] and show explicitly that the
decay rate depends on the (unobservable) number of de
Sitter spaces that are nucleated.
In this work we use different, locally observable bound-
ary conditions. Specifically, we demand that there exists
a coordinate choice that renders the boundary metric to
be of the Schwarzschild-(anti) de Sitter form, with fixed
massM. In order for these covariant boundary conditions
to yield a well-posed variational problem, we employ the
new gravitational action SG recently introduced in [13].
The covariant action SG vanishes for all isotropic and
stationary spacetimes, and leads to a different vacuum
decay rate that no longer depends on causally inaccessi-
ble data or coordinate choices.
We find the exponent B of the true- and false vacuum
decay rate in the weak gravity limit
B =
27pi2σ4
2 |∆ρ|3 +O(G) , (2)
where σ is the domain wall tension and ∆ρ is the vac-
uum energy difference. Our result reproduces the non-
gravitational false vacuum decay rate, but also allows
for true vacuum decays at the same rate. In contrast
to pure field theory, general relativity allows for unim-
peded upward vacuum transitions, which implies that the
low-entropy initial states required for cosmic inflation are
readily attainable and may recur in the future.
Setup — We study the classical and semiclassical prop-
erties of a bubble with internal vacuum energy density
ρ−, moving in an external region of vacuum energy den-
sity ρ+. For simplicity, we assume a thin and spherical
shell with surface energy density and tension σ, separat-
ing the bubble interior from the exterior. The full action
has gravitational, shell and boundary terms
S =
∫
M
d4x
√
g
[ R
16piG
− ρ(r)
]
︸ ︷︷ ︸
SG+...
−σ
∫
wall
d3A︸ ︷︷ ︸
−SShell
+SB , (3)
where R is the Ricci scalar,M is the coordinate region of
interest, A denotes the domain wall world-volume, and
the total derivative terms SB render the variational prob-
lem well-posed. The ellipses in the gravitational action
denote boundary terms that we determine in [13]. The
vacuum energy density is constant both inside and out-
side the shell located at a radial coordinate rˆ,
ρ(r) =
{
ρ− for r < rˆ
ρ+ for r > rˆ
. (4)
Without loss of generality, we take M to contain the
entire trajectory of interest and to be bounded by three-
surfaces of constant coordinates of a general metric
ti ≤ t ≤ tf , rmin ≤ r ≤ rmax . (5)
In order to avoid breaking general covariance and in-
troducing a measure problem in the form of coordinate
dependence in observables, we have to specify covariant
boundary conditions at ∂M, as explained in detail in
[13]. We demand a fixed location rˆ of the wall and re-
quire that there exist coordinates that render the metric
to be of Schwarzschild-(anti) de Sitter form,
ds2±|∂M = −A±dT2 +A−1± dR2 + R2dΩ22 |∂M , (6)
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2where we defined
A± = 1− 2GM±
R
− 8piGρ±
3
R2 , (7)
subscripts ± denote the exterior/interior metric, M± is
the mass of the solution and T and R denote the Killing
time and transverse radius, respectively. Our manifestly
covariant boundary conditions define a Dirichlet problem
for rˆ, the mass M and the radius R,
δrˆ|∂M = δM|∂M = δR|∂M = 0 . (8)
The variables that define our setup are covariant un-
der (smooth) coordinate transformations, so the bound-
ary conditions do not fix any coordinate choices. Corre-
spondingly, the choice of spacetime regionM is arbitrary
and does not affect physical observables. Our boundary
conditions are different from those used in prior work on
vacuum decay, so we expect to find different observables.
In particular, we will find observables that do not depend
on the boundary location, e.g. via rmax. This may ap-
pear to be an obvious requirement, but it is not obvious.
As we demonstrate in [13], the commonly used bound-
ary conditions that fix the boundary metric [14, 15] yield
vacuum decay rates [2, 4, 5, 16, 17] that do depend on
the choice of M and source much confusion [6, 7]. We
stress that these non-covariant theories are not inconsis-
tent, they merely require additional physical input about
how coordinates are fixed in nature in order to resolve the
associated measure problem.
Action Principle for General Relativity — Let us
briefly review the covariant variational principle for
isotropic gravity we recently introduced in [13]. For now
we ignore the domain wall and only discuss the vacuum
solutions within M. We can write the most general
spherically symmetric metric as [13]
ds2 =
(
A−1R′2 −Api2M
) [
(dr + Nrdt)
2 − N2tdt2
]
+R2dΩ22 ,
(9)
where A is defined as in (7), piM = −T′ is the momen-
tum conjugate to M and the lapse Nt and shift Nr are
non-dynamical variables that impose diffeomorphism in-
variance. We can easily render the perhaps unfamiliar
metric (9) in ADM form [18, 19]. With a suitable choice
of boundary terms the action that gives rise to Einstein’s
equations under the variational principle δSG = 0 is given
by [13]
SG =
∫
M
dtdr piMM˙+ piRR˙− NtHGt − NrHGr , (10)
where we used the canonical momenta and defined Hamil-
tonian densities [13, 20]
piM =
R˙− NrR′
ANt
, piR =
M˙− NrM′
ANt
, (11)
HGr = piRR′ + piMM′ , HGt = ApiMpiR +A−1M′R′ .
rmax
r
t = 0
R(r)
FIG. 1. Closed spatial slice of de Sitter space, a possible initial
state of the vacuum decay process.
The momenta conjugate to the lapse and the shift vanish,
enforcing the Hamiltonian constraints
HGt = HGr = 0 . (12)
The boundary conditions did not specify any of the un-
physical variables Nt and Nr. Correspondingly, the ac-
tion contains no derivatives of these functions and the
coordinate choice is allowed to vary freely everywhere.
This has an important consequence: no boundary terms
can change the total Hamiltonian or the total energy of
the theory, it vanishes as expected in general relativity.
It will be useful to employ coordinates in which the
metric component grr = 1 is constant, such that the
spatial geometry is reflected in the radius R(t, r),
1 = grr = A
−1R′2 −Api2M . (13)
In this gauge it is straightforward to evaluate the gravi-
tational action along arbitrary trajectories satisfying the
constraint equations [13]. Restricting to solutions of the
constraints we have the momenta
piM = ηpiA
−1√R′2 −A , piR = 0 , (14)
where ηpi = ±1 denotes the sign of the momentum
piM. Integrating the action (10) between initial and fi-
nal states, we find for classical trajectories [13]
SG =
∫ rmax
rmin
ηpiR
G
[
R′
2
ln
(
2R′
A
{
R′ +
√
R′2 −A
}
− 1
)
−
√
R′2 −A
]R(tf,r)
R(ti,r)
dr , (15)
where R(ti,f, r) are the initial and final configurations.
Following [7] we conveniently illustrate the spatial ge-
ometries by plotting the radius R as the distance from
the vertical axis, while the radial coordinate r is mea-
sured along the curve, see Figure 1 for a closed slice of
de Sitter space.
Clearly, the gravitational action vanishes for any tra-
jectories between classical turning points where the mo-
menta vanish, piM = 0. This differs dramatically from
the traditional, non-covariant gravitational action that
would assign Euclidean de Sitter space a large action,
proportional to its horizon area [13]. This difference will
change the observable vacuum decay rates we find below.
3Rˆ′± > 0 Rˆ
′
± < 0 Rˆ
′
− > 0 , Rˆ
′
+ < 0
Rˆ
rˆ
Rˆ
rˆ
Rˆ
rˆ
(c)(b)(a)
FIG. 2. All possible closed spatial geometries for vacuum
bubbles within Schwarzschild-de Sitter region. For M = 0
these are the final states of the vacuum decay process. (a):
true vacuum interior, (b): false vacuum interior, (c): true
vacuum interior in strong Gravity regime. Panels (a) and (b)
are physically identical and related reversing in/outsides.
Shell Action — Having obtained the gravitational ac-
tion that gives rise to a well-posed variational principle
for our physical boundary conditions, we now turn to
evaluate the action of a domain wall in the general space-
time metric (9). The action for a domain wall with sur-
face energy density σ is
SShell = −
∫ tf
ti
dtm(Rˆ)
√
grr(N2t − [ ˙ˆr + Nr]2) (16)
=
∫ tf
ti
pˆ ˙ˆr −
∫ rmax
rmin
dr (NtHShellt + NrHShellr ) dt ,
where hats denote variables evaluated at the location of
the shell [21], and we defined the momentum pˆ and en-
ergy mˆ = 4piσRˆ of the shell, as well as the Hamiltonian
contributions HShellt,r
HShellt =
√
pˆ2 + mˆ2gˆrrδ(r − rˆ) , HShellr = −pˆδ(r − rˆ)
pˆ = −mˆ( ˙ˆr + Nr)
√
gˆrr/
√
N2t − ( ˙ˆr + Nr)2 . (17)
The action of the thin shell is identical to the action given
in [7, 12, 22], but expressed in covariant variables [13, 20].
Full Action — In the previous to sections we found
the action S for a vacuum bubble in gravity up to the
boundary terms SB
SG + SShell = (18)∫ tf
ti
dt
[
p ˙ˆr +
∫ rmax
rmin
dr
(
piMM˙+ piRR˙− NtHt − NrHr
)]
where we now defined the full Hamiltonian densities as
Ht,r = HGt,r +HShellt,r .
In order to explicitly evaluate the action we work in the
rest frame of the moving shell (i.e. pˆ = 0 or Nr = − ˙ˆr) and
choose coordinates grr = −gtt = 1, such that t becomes
the proper time. Using (11) and (13), the velocity in a
rest frame traveling along a trajectory rˆ(t) is related to
the extrinsic domain wall curvature Rˆ′ as
˙ˆ
R = ˆ˙R+ ˙ˆrRˆ′ =
√
Rˆ′2 − Aˆ . (19)
The full Hamiltonian constraints Ht,r = 0 become
0 = Ht = ApiMpiR +A−1M′R′ + mˆδ(r − rˆ) ,
0 = Hr = piRR′ + piMM′ . (20)
Combining the constraints and integrating across the
shell we find the Israel junction condition [3, 7, 23]
0 =
∫ rˆ+
rˆ−
dr [R′′ + κRδ(r − rˆ) + . . . ] = Rˆ′+ − Rˆ′− + κRˆ ,
(21)
where we defined κ ≡ 4piGσ, Rˆ′± ≡ R′|r=rˆ± and the
ellipses denote terms that integrate to zero as  → 0.
We can solve (19) and (21) for the energy conservation
equation governing the classical dynamics, as well as the
(discontinuous) extrinsic curvatures on either side of the
shell
M+ = M− − 4pi
3
∆ρRˆ3 + sgn(Rˆ′−)mˆ
√
˙ˆ
R2 + Aˆ− − κ
2Rˆ3
2G
Rˆ′± =
Aˆ− − Aˆ+
2κRˆ
∓ κRˆ
2
, (22)
where ∆ρ ≡ ρ+ − ρ− is the positive (negative) vacuum
energy density difference for false (true) vacuum decay.
The energy conservation equation deserves some discus-
sion. Each of the terms contributing to the exterior mass
M+ has a simple intuitive interpretation. The first term is
any contribution from the interior mass, the second term
is the contribution from the difference in vacuum energy
density, the third term is the rest and kinetic energy con-
tribution and the last term arises from the gravitational
self-interaction of the shell. Solving the energy conserva-
tion equation yields all possible domain wall trajectories,
as well as classical turning points. A detailed discussion
of all possible trajectories is given in [3, 8, 9, 11, 12].
Note that the extrinsic curvature R′ only decreases at
the location of the shell. This implies that there are
three non-trivial spatial geometries containing vacuum
bubbles, illustrated in Figure 2.
The extrinsic curvature R′ is discontinuous at the do-
main wall and changes by a fixed amount (22). In set-
ting up the variational problem for the gravity action SG,
however, we allowed all variables to vary freely within the
regionM. We have to include the boundary terms SB to
subtract non-vanishing variations of the gravitational ac-
tion with respect to R′ in order for the Hamilton-Jacobi
equation to hold (see also [7, 22] for more details)
−δSB = lim
→0
(
∂SG
∂R′
∣∣∣
r=rˆ−
− ∂SG
∂R′
∣∣∣
r=rˆ+
)
δRˆ′ . (23)
In our gauge the boundary terms of the classical gravity
action (15) become
SB =
∫ Rˆ(tf)
Rˆ(ti)
ηpiRˆ
2G
[
ln
(
2Aˆ−1+ Rˆ
′
+
{
Rˆ′+ +
√
Rˆ′2+ − Aˆ+
}
− 1
)
−
(
Aˆ+ → Aˆ− , Rˆ′+ → Rˆ′−
)]
dRˆ . (24)
4Recall from above that the gravitational action SG van-
ishes for all solutions between stationary points. Fur-
thermore, the shell action SShell in (16) vanishes in the
rest-frame of the domain wall, where pˆ = 0. In our gauge
choice, this leaves the boundary term (24) as the only
non-zero contribution to the action for trajectories be-
tween turning points,
S = SB . (25)
As a consistency check, we easily recover the energy con-
servation equation (22) by varying the action SB.
Classical Dynamics — Before moving on to the dis-
cussion of vacuum decay, we briefly review the classical
dynamics of true- and false-vacuum bubbles in (anti) de
Sitter spacetimes, i.e. M± = 0. References [3, 8, 9, 11, 12]
provide a detailed discussion of the general dynamics and
causal structure.
In the massless limit the constraints (22) for the do-
main wall become
Rˆ′± =
Rˆ
6κ
[
8piG∆ρ∓ 3κ2] , Rˆ4 ˙ˆR2 = Rˆ4( Rˆ2
Rˆ22
− 1
)
, (26)
where the shell velocity vanishes at the turning points
Rˆ1 = 0 , Rˆ2 =
6κ√
(8piG∆ρ)2 + 48piGκ2(ρ− + ρ+) + 9κ4
.
(27)
A domain wall at the inner turning point, Rˆ1 = 0 cor-
responds to the initial, metastable configuration of vac-
uum decay. In order for a finite-size bubble to form, a
tunneling event through the classically forbidden region
Rˆ1 < Rˆ < Rˆ2 has to occur that leads to a classically
growing bubble on the unbound trajectory
Rˆ(t) = Rˆ2 cosh(t/Rˆ2) . (28)
The sign of the extrinsic curvature, Rˆ′±, indicates
whether the domain wall curves towards the bubble inte-
rior or exterior as seen from either side of the wall. A true
vacuum bubble ρ− < ρ+ observed from the interior al-
ways curves towards the interior (i.e. Rˆ′− > 0, panel (a) in
Figure 2). When observed from the outside, however, the
true vacuum bubble can curve towards the interior in the
weak-gravity limit (i.e Rˆ′+ > 0 when ∆ρ > 6piGσ
2, panel
(a) in Figure 2), or towards the exterior in the strong-
gravity limit (i.e Rˆ′+ < 0 when ∆ρ < 6piGσ
2, panel (c)
in Figure 2). The definition of what we call interior and
exterior is clearly arbitrary, so an equivalent statement
applies for false vacuum bubbles (in the weak gravity
limit these bubbles have Rˆ′± < 0, see panel (b) in Figure
2). Some classically allowed and forbidden domain wall
trajectories will cross spacetime horizons. For example, a
classically expanding true vacuum bubble will cross the
cosmological horizon after some finite proper time has
elapsed at the wall.
The classically growing domain wall trajectory (28)
does not always exist. When both vacuum energy densi-
ties are non-positive, it is possible for the classical turning
point radius Rˆ2 to diverge. When this happens, only the
bound solution at Rˆ = Rˆ1 = 0 exists, and no vacuum
decay can occur: gravity has stabilized the vacuum [2].
Vacuum Decay Rates — In the previous section we
found two classical turning points of the domain wall tra-
jectory: the vacuum configuration Rˆ = 0 in which there
is no bubble, and the bubble configuration Rˆ = Rˆ2 in
which a bubble begins to classically expand indefinitely.
The vacuum decay rate is proportional to the transition
probability for the bubble to tunnel through the classi-
cally forbidden region rather than being reflected. In the
semiclassical approximation we have the decay rate (1),
where the tunneling exponent is the Euclidean bounce
action [1, 2]
B = −2i
∫ Rˆ=Rˆ2
Rˆ=Rˆ1
dS . (29)
For vanishing masses, M± = 0, we can analytically eval-
uate the tunneling exponent. Using (22-25) we find
B = (30)
3ηpi
16G2
[
Rˆ2
∆ρ2+6piGσ2(ρ−+ρ+)
3ρ−ρ+σ
+
sgn(Rˆ′+)
ρ+
− sgn(Rˆ
′
−)
ρ−
]
,
where the extrinsic curvatures are evaluated at Rˆ2 and
their signs are given by
sgn(Rˆ′±) = sgn(∆ρ∓ 6piGσ2) . (31)
The vacuum decay rate (30) is the main result of this
paper and has not previously appeared in the literature.
We have not yet determined the sign ηpi appearing in
the tunneling action. Since we are only considering the
action at vanishing mass, which does not allow for time
evolution, it is impossible to determine the sign by de-
manding an out-going wavefunction. However, on physi-
cal grounds we assume that the tunneling probability is
small, giving
sgn(B) ≡ 1 = sgn(ηpiRˆ′+Rˆ′−) → ηpi = sgn(Rˆ′+Rˆ′−) . (32)
We now discuss some interesting features of the de-
cay rate. For weak-gravity false vacuum decays, where
sgn(Rˆ′±) > 0, the tunneling exponent (30) precisely re-
produces the finding of Coleman and de Luccia [2], but
our result applies more generally.
In the G → 0 limit the tunneling exponent for both
true- and false-vacuum decay becomes
B =
27pi2σ4
2 |∆ρ|3 +O(G) . (33)
Without gravity true vacuum decay is not a possible so-
lution, so there is no non-gravitational result we could
5compare our rate to. In general relativity, however, true
vacuum decay is possible and its rate is identical to the
false vacuum decay rate,
Γρ+>ρ− = Γρ+<ρ− , (34)
showing bubbles of de Sitter space can nucleate in
Minkowski space.
Our result differs from the literature [2, 4, 5, 16, 17] be-
cause we are using different boundary conditions. Instead
of holding fixed the unobservable global three-geometry,
which assigns a slice of de Sitter space a large action, we
demand that the observable covariant mass M vanishes
on either side of the shell, which assigns the vacuum a
vanishing action.
Negative Mode — It is generally believed that for the
bounce to correspond to barrier penetration, the second
variation of the Euclidean action has one and only one
negative eigenvalue. A rough argument is that the nega-
tive eigenvalue is necessary for the non-perturbative con-
tribution to the vacuum energy to be imaginary, which
destabilizes the vacuum [24]. It has been argued that no
such negative mode exists for certain parameter regimes
of vacuum decay in gravitational theories that hold fixed
the induced boundary metric [25–27].
Finding all eigenvalues of the second variation is hard.
Instead, we merely evaluate the second derivative of a
set of trajectories parametrized by the maximum radius
Rˆ(tf), where Rˆ(tf) = Rˆ2 corresponds to the bounce solu-
tion. Expanding around the bounce and using (24) and
(32) yields
∂2B
∂Rˆ(tf)2
∝ − ηpi
Rˆ′+Rˆ′−
< 0 , (35)
This shows that the second variation of the Euclidean
action always has at least one negative eigenvalue.
Acknowledgments — We are particularly thankful to
Kate Eckerle and Ruben Monten for many useful dis-
cussions and collaboration on a related work [11]. We
thank Frederik Denef, Thomas Hartmann, Austin Joyce,
Liam McAllister, Henry Tye, Oliver Janssen, Matthew
Kleban and Erick Weinberg for useful discussions. This
work was supported in part by DOE under grants no.
DE-SC0011941 and DE-SC0009919 and by the Simons
Foundation SFARI 560536.
[1] S. R. Coleman, “The Fate of the False Vacuum. 1.
Semiclassical Theory,” Phys. Rev. D15 (1977)
2929–2936. [Erratum: Phys. Rev.D16,1248(1977)].
[2] S. R. Coleman and F. De Luccia, “Gravitational
Effects on and of Vacuum Decay,” Phys. Rev. D21
(1980) 3305.
[3] S. K. Blau, E. I. Guendelman, and A. H. Guth,
“The Dynamics of False Vacuum Bubbles,” Phys. Rev.
D35 (1987) 1747.
[4] K.-M. Lee and E. J. Weinberg, “Decay of the True
Vacuum in Curved Space-time,” Phys. Rev. D36 (1987)
1088.
[5] E. Farhi, A. H. Guth, and J. Guven, “Is It Possible
to Create a Universe in the Laboratory by Quantum
Tunneling?,” Nucl. Phys. B339 (1990) 417–490.
[6] W. Fischler, D. Morgan, and J. Polchinski,
“Quantum Nucleation of False Vacuum Bubbles,” Phys.
Rev. D41 (1990) 2638.
[7] W. Fischler, D. Morgan, and J. Polchinski,
“Quantization of False Vacuum Bubbles: A
Hamiltonian Treatment of Gravitational Tunneling,”
Phys. Rev. D42 (1990) 4042–4055.
[8] A. Aguirre and M. C. Johnson, “Dynamics and
instability of false vacuum bubbles,” Phys. Rev. D72
(2005) 103525, arXiv:gr-qc/0508093 [gr-qc].
[9] A. Aguirre and M. C. Johnson, “Two tunnels to
inflation,” Phys. Rev. D73 (2006) 123529,
arXiv:gr-qc/0512034 [gr-qc].
[10] A. R. Brown and E. J. Weinberg, “Thermal
derivation of the Coleman-De Luccia tunneling
prescription,” Phys. Rev. D76 (2007) 064003,
arXiv:0706.1573 [hep-th].
[11] T. C. Bachlechner, K. Eckerle, and R. Monten to
appear .
[12] T. C. Bachlechner, “Inflation Expels Runaways,”
JHEP 12 (2016) 155, arXiv:1608.07576 [hep-th].
[13] T. C. Bachlechner, “Action Principle for Isotropic
General Relativity,” arXiv:1808.10448 [hep-th].
[14] J. W. York, Jr., “Role of conformal three geometry in
the dynamics of gravitation,” Phys. Rev. Lett. 28
(1972) 1082–1085.
[15] G. W. Gibbons and S. W. Hawking, “Action
Integrals and Partition Functions in Quantum Gravity,”
Phys. Rev. D15 (1977) 2752–2756.
[16] J. D. Brown and C. Teitelboim, “Dynamical
Neutralization of the Cosmological Constant,” Phys.
Lett. B195 (1987) 177–182.
[17] J. D. Brown and C. Teitelboim, “Neutralization of
the Cosmological Constant by Membrane Creation,”
Nucl. Phys. B297 (1988) 787–836.
[18] R. L. Arnowitt, S. Deser, and C. W. Misner, “The
Dynamics of general relativity,” Gen. Rel. Grav. 40
(2008) 1997–2027, arXiv:gr-qc/0405109 [gr-qc].
[19] With new functions R = R, Λ2 = A−1R′2 −Api2M,
Nt = −ΛNt and Nr = Nr we recover the metric in ADM
form, ds2 = −N2t dt2 + Λ2(dr +Nrdt)2 +R2dΩ22.
[20] K. V. Kuchar, “Geometrodynamics of Schwarzschild
black holes,” Phys. Rev. D50 (1994) 3961–3981,
arXiv:gr-qc/9403003 [gr-qc].
[21] For example we have Rˆ ≡ R(t, rˆ(t)). Some care has to
be taken regarding the ordering of hats and derivatives,
˙ˆ
R = ˆ˙R+ ˙ˆrRˆ′.
[22] P. Kraus and F. Wilczek, “Selfinteraction correction
to black hole radiance,” Nucl. Phys. B433 (1995)
403–420, arXiv:gr-qc/9408003 [gr-qc].
[23] W. Israel, “Singular hypersurfaces and thin shells in
general relativity,” Nuovo Cim. B44S10 (1966) 1.
[Nuovo Cim.B44,1(1966)].
[24] S. R. Coleman, “Quantum Tunneling and Negative
6Eigenvalues,” Nucl. Phys. B298 (1988) 178–186.
[25] K. Marvel and N. Turok, “Horizons and Tunneling
in the Euclidean False Vacuum,” arXiv:0712.2719
[hep-th].
[26] E. J. Weinberg, Classical solutions in quantum field
theory. Cambridge Monographs on Mathematical
Physics. Cambridge University Press, 2015.
[27] I.-S. Yang, “Recovering the negative mode for type B
Colemande Luccia instantons,” Phys. Rev. D87 no. 8,
(2013) 084026, arXiv:1210.4740 [hep-th].
